This paper investigates the many complications arising when controlling a digital displacement hydraulic machine with non-smooth dynamical behavior. The digital hydraulic machine has a modular construction with numerous independently controlled pressure chambers. For proper control of dynamical systems, a model representation of the systems fundamental dynamics is required for transient analysis and controller design. Since the input is binary (active or inactive) and it may only be updated discretely, the machine comprises both continuous and discrete dynamics and therefore belongs to the class of hybrid dynamical systems. The study shows that the dynamical system behavior and control complexity are greatly dependent on the configuration of the machine, the operation strategy, and in which application it is used.
Introduction
Throughout the past decade, there has been an increasing interest in research and development of energy efficient fluid power systems for both conventional cylinder drives Schmidt et al. (2015) ; Jarf et al. (2016) and power take-off systems Hansen and Pedersen (2016) ; Hansen et al. (2014) ; Payne et al. (2007 Payne et al. ( , 2005 ; Pedersen et al. (2016a); Rampen (2006) ; Salter et al. (2002) . A promising technology is the so called digital displacement machine (DDM), which besides providing great energy efficiency also yields superb scalability. For successful deployment of the technology, proper control of the machine is considered a key challenge to be solved. However, this is a complicated task due to the nonsmooth dynamical behavior.
For most computer controlled systems, either continuous or discrete approximation models are fairly accurate in describing the system macro dynamics. Either linear or non-linear control theory is then applied on these models to ensure stability and obtain the desired performance. However, control of DDM's is different in various ways, since the triggering of a control update is angle dependent and not time dependent. Additionally, the dynamics are highly influenced by the configuration of the machine and how it is operated, as well as in which application it is used. Since control of the digital displacement technology is a relatively unexplored field, an important first step is to identify the control challenges related to the non-smooth machine behavior. This paper provides an overview with respect to development of model based dynamical analysis and feedback control design methods for these machines. The investigation is based on a single module of a DDM with 5 cylinders as illustrated in Fig. 1 . It is seen that the machine comprises numerous cylinder pressure chambers being radially distributed around an eccentric shaft. The flow to and from the pressure chambers is controlled by electro-magnetically actuated on/off valves connecting each pressure chamber to the high and low pressure manifold. A more detailed description of the digital displacement technology may be found in several publications Ehsan et al. (1997) ; Payne et al. (2005) ; Rampen (2010) ; Roemer (2014) ; Noergaard (2017) ; Johansen (2014) ; Johansen et al. (2015b) .
Published state of the art control strategies for digital displacement units is mostly limited to neglecting the transient behavior of the machine and utilizing pulse density modulation or pulse width modulation techniques to determine the actuation sequence for the pressure chambers Johansen et al. (2015a) ; Sniegucki et al. (2013) . Another method where the dynamics has been neglected is through determination of the actuation sequence of the individual chambers as function of the displacement reference and shaft angle through offline optimization Armstrong and Yuan (2006) ; Sniegucki et al. (2013) ; Song (2008) ; Heikkila and Linjama (2013) . However, none of these methods includes the machine dynamics which may introduce transient problems with respect to stability and performance. Dynamical models applicable for system analysis and controller design has been developed and governs both continuous, discrete and hybrid representations Johansen et al. (2017) ; Pedersen et al. (2016b Pedersen et al. ( , 2017a Pedersen et al. ( ,b,c, 2018c ; Sniegucki et al. (2013) . However, the discrete and continuous models are often only valid in limited situations, while the hybrid models are often quite complex with respect to development of stabilizing feedback control laws. This paper provides a clarification of the related control challenges in a broad range of machine operations, machine designs and possible target applications. A discussion of the applicable control models and methods, as well as their limitations is made. The findings of the paper should hence serve as a tool for determining suitable control strategies and dynamical control oriented models when utilizing digital displacement machines.
Simplified model analysis
Instead of deriving a complex model for investigation of the control challenges, a relatively simple model with idealized behavior is used. The model maintains all the system wide control challenges and includes the fundamental dynamics of the machine. Although only system wide control is considered in this paper, valve control related problems are important for proper machine operation. The non-linear features during the switching event has been studied in Bender et al. (2018b) ; Roemer et al. (2015a Roemer et al. ( , 2014 Roemer et al. ( , 2013 Roemer et al. ( , 2015b and the repetitive nature of the machine has lead to several valve timing control strategies Bender et al. (2018a); Brendi et al. (2017); Breidi (2016) ; Merrill (2012) . The derivation of the mathematical model of the macro dynamics is based on the illustration of a single pressure chamber shown in It is seen that a normally closed high pressure valve (HPV) and a normally open low pressure valve (LVP) is used, such that each pressure chamber is normally in an idling mode at low pressure. The piston displacement, x, is kinematically described as function of the shaft angle given by
where r e is the eccentric radius, such that the piston stroke length isx = 2 r e . The local cylinder angle is given by
where N c is the number of cylinders. The cylinder chamber volume, V , is then given as
where V 0 is the minimum chamber volume and V d = 2 r e A p is the displacement volume, with A p being the piston area. The pressure dynamics in one displacement chamber is governed by the continuity equation and is given to bė
Where Q H and Q L are the flows through the high and low pressure valve respectively and β e is the effective bulk modulus. The oil-flows through the valves may be described by the orifice equation given by
where k f is the valve flow coefficient andx L andx H are normalized valve plunger positions. The torque from each pressure chamber is described by
The dynamical behavior of a single pressure chamber is investigated by considering the pressure trajectories as function of the shaft angle in a polar phase plot shown in Fig. 3 . In the simulation, the pressure is initially equal to the high pressure, p = p H , during the down-stroke, θ = [0; π] and the initially open HPV is closedx H : 1 → 0. This results in a depressurization and when p < p L the LPV is passively openedx L : 0 → 1. During the upstroke, θ = [π; 2π], the pressure is initially equal to the low pressure p = p L and the initially open LPV is closedx L : 1 → 0. This results in a pressurization and when p > p H the HPV is passively openedx H : 0 → 1. φ mL is the latest angle that the LPV should be closed in order to obtain passive opening of the HPV at top dead center (TDC). φ mH is the latest angle that the HPV should be closed during motoring for the LPV to be passively opened at bottom dead center (BDC). Similarly, φ pL is the earliest angle that the pumping stroke may be initiated and φ pH is the angle where the HPV is closed to end the pumping stroke. It is seen that the pressurization and depressurization are very fast as function of the angle except at BDC and TDC. Since the pressure is approximately constant when the HPV is open, the flow throughput may be simplified to be Q H ≈V c , seen from (4), when considering the macro dynamics of the system. From the above analysis, the flow and torque as functions of the displacement volume are given by
wherex H = {0, 1} depending on whether the chamber is active or inactive. The displacement throughput is used in the following analysis to examine the operation principle and control challenges related to the digital displacement machine. The control challenges for fulland partial-stroke operation are vastly different, since the system behavior is changed based on the chosen operation strategy. Therefore, the control challenges for the two operation strategies are investigated separately.
Control Challenges -Full stroke
Considering a full stroke operated DDM, the inputs may be considered to be u = {1, 0, −1} corresponding to motoring, idling and pumping respectively. For every chamber the decision to either motor or idle is done once every revolution at φ mL , while the decision to either pump or idle is done once every revolution at φ pL . This angle dependent sampling yields an asynchronous sampling scheme for varying shaft speeds due to the relation It is seen how a varying speed machine results in an asynchronous sampling scheme in the time domain, while the sampling scheme is synchronous in the angle domain if the machine is to only operate as a pump or motor. However, if the machine is to both motor and pump the sampling scheme is only periodic synchronous in the angle domain. Additionally, the inputs can only be chosen from u m = {1, 0} for motoring samples and u p = {0, −1} for pumping samples, similar to a pulse density modulation technique used in electrical circuit control. Furthermore, the impulse response is seen to be different, since the last part of the motoring stroke is not used, while the first part of a pumping stroke is not used. Since a full stroke lasts for approximately half of a revolution, it takes half of a revolution to activate all the pressure chambers. Hence, the response angle from zero to maximum displacement is also half of a revolution. As a result, both the control input frequency and response time is proportional to the speed of the machine, while the displacement discretization resolution is proportional to the number of cylinders.
Four quadrant operation
An additional complication is introduced if the machine is to operate in both directions of motion, which may be illustrated by a steep change in the rotation speed between positive and negative rotation as shown in Fig. 5 . It is seen that a motoring decision is taken at φ + mL ahead of TDC, but as the direction of motion is changed, the stroke becomes a pumping stroke. As a result, the subsequent decision is also for motoring, but since the direction of motion is reverse, the sampling angle ahead of TDC is now at φ − mL = 2 π − φ + mL . The same is illustrated for a change of direction during a pumping stroke, which similarly results in two pumping samples subsequently. It is seen that the sampling scheme for a DDM operating in both directions is asynchronous in both the time and position domain and the position domain is further not monotonically increasing.
Control Challenges -Partial stroke
The challenges with respect to control of a partialstroke operated machine is very different than those identified for full-stroke operation. A partial motoring stroke is simply made by closing the HPV earlier and a partial pumping stroke by closing the LPV later as illustrated in Fig. 6 . It is seen that the impulse response of a partial stroke operated DD unit behaves different than that of a conventional dynamical system, since the input scales the width of the response rather than the amplitude. The input is the angle φ mH for motoring and φ pL for pumping, which controls the ratio where the given pressure chamber is active. The state changing input angle may be linearly normalized by an input variable change, such that the input is a displacement fraction η = [0; 1]. The input transformation is done by considering the committed displacement fraction for a motoring stroke by use of (3) and yields
The resulting input transformation for motoring and pumping is then given by
whereη m andη p are the maximum possible displacement fractions (corresponding to a full stroke) for motoring and pumping respectively. How the impulse response of the DD unit depends on the input is illustrated in Fig. 7 for a motoring stroke, where η m = 0.7 corresponding to a displacement of 70 % of the maximum displacement. It is seen that the state change of a chamber from active to inactive may only be given once for each revolution (considering motoring mode only) with conventional partial stroke. Therefore, the decision frequency is still proportional to the speed of the machine, but the response may be smoothened compared to full stroke operation. The state changing angle may however be updated continuously until the state change is carried out at the given angle.
Considering, the input to be limited to only update at φ mL , when the stroke is initiated, the system becomes a sample-and-hold system similar to that for full-stroke. However, the impulse response is now timevarying, where the number of subsequent samples being made during the length of the impulse response varies as function of the input. This is illustrated in Fig. 8 , where it is shown that 50% displacement during one revolution may be obtained with vastly different activation patterns. 0 2 π 5 4 π 5 6 π 5 8 π 5
: Flow/torque output response and control decision scheme of a partial stroke operated DDM, using only motoring strokes.
The top shown activation pattern corresponds to the output of a pulse width modulation strategy, while the bottom shown pattern is one arbitrary pattern of infinitely many, yielding an average of 50 % displacement during a full revolution. Since the flow is highest at the mid-point between TDC and BDC, the most severe flow spikes are also expected to occur if the valves are switched here. The flow level also has an impact on the energy cost when switching, which however is minor since the pressure across the valve is low when switching.
Sequential partial stroke
If the valves are designed to be able to open against high pressure difference, the sequential partial stroke method may be used to allow for multiple state changes during a revolution as illustrated in Fig. 9 .
π θ Figure 9 : Impulse response as function of the input, η m = 0.7, with sequential partial stroke.
It is seen that a 70 % stroke has been split into two sections, but in theory the displacement may be split into many more parts. With sequential partial stroke it is also possible to utilize the last part of the motoring stroke and first part of a pumping stroke, since the valves may be actively opened and closed independent of the angle. With this strategy, the state changing input may be updated continuously and is only constrained by the time it takes to open and close the valves. Therefore, the response may become even more smooth with this strategy. However, opening the HPV against high pressure difference (against the solution trajectories shown in Fig. 6 ) requires a substantially amount of energy and larger valves with higher actuation power is necessary Noergaard (2017) . Even though the input may be updated continuously it is still binary, such that the output is in discrete levels based on the shaft angle as shown in Fig. 10 . Only 0 2 π 5 4 π 5 6 π 5 8 π 5 2 π Figure 10 : Illustration of the displacement combinations as function of the shaft angle with 5 cylinders.
motoring combinations are illustrated, but the number of combinations may be increased by including the possibility to pump. This does however mean that several cylinders will work against each other to lower the combined throughput. Contrary to conventional discrete input systems, it is seen that the discrete levels are changing as function of the angle.
Discussion of operation methods
The investigation clearly identifies that the dynamical behavior and control complications of the digital displacement machine is greatly influenced by the chosen operation strategy. A summarization of the dynamical behavior and control challenges is provided in Tab. 1. To give an overview of when to use which operation strategy, based on the mentioned advantages and disadvantages the following may be summarized:
• Full stroke: Is considered the favorable choice for high-speed machine operation, where energy efficiency is important. Also it is considered the most simple strategy, since state changes are done at fixed angles.
• Partial stroke: Is considered the favorable choice for low-speed machine operation, where both tracking performance and energy efficiency is important.
• Sequential partial stroke: Is considered the favorable choice for very low-speed machine operation, where control tracking performance is important and energy efficiency is of less importance.
Even though the advantages and disadvantages of each method are speed dependent, it may also be beneficial to use a full stroke strategy at low speed if tracking performance is not very important, but simplicity and energy efficiency is. Similar, it may be beneficial to use a partial stroke strategy at high speed, if tracking performance is very important, but simplicity and energy efficiency is not. Based on the above analysis it may be favorable to utilize a combination of full-stroke and partial-stroke operation if the machine is to operate in a wide range of speeds. However, a combination of full and partial stroke operation is simply a partial stroke operation, since a full stroke is also a possible choice when utilizing a partial stroke strategy. Using the sequential partial stroke strategy, where several state changes may be made during each stroke also covers the conventional partial stroke strategy, since a possible choice is to only do one state change or none at all (full stroke). This does however not mean that it is advantageous to use the sequential partial stroke independent of the operation speed and application, since the strategy requires 
Control model development
For successful deployment of the digital displacement machine in a wide range of application it is beneficial to be able to analyze and design feedback controllers independently of operation. This is considered a complex task, especially since the dynamics is changing significantly depending on operation. Instead of developing a very complex control oriented model capable of handling every situation, it is considered beneficial to develop control oriented models for specific situations individually. In certain situations, simple dynamical approximation models may be sufficient for describing the systems macro dynamics.
Continuous approximation
Even though the non-smooth dynamical system is discretely controlled, a continuous approximation may be applicable in certain situations and results in a significantly simpler model for analysis and control design Pedersen et al. (2018a) . The continuous approximation is illustrated for a full stroke operated pulse-density modulated (PDM) machine and a partial stroke pulsewidth modulated (PWM) machine, where the input corresponds to a duty cycle. The step response for various duty cycles (normalized displacement fraction references),D * = {0.1 0.2 0.4 0.6 0.8 1}, is shown in Fig. 11 . Both responses for a machine with 5 cylinders and one with 20 cylinders is shown to illustrate the applicability of the method. It is seen that for a high number of pressure chambers, the response resembles a continuous response with ripples in the position domain. However, for low displacement fractions, the continuous approximation is seen to be quite poor for a full stroke PDM strategy, while it remains reasonably accurate with a partial stroke PWM strategy. The response may be fitted to a continuous transfer function by use of a spatial domain Laplace transformation defined as
Fitting the response dynamics to a second order system results in the transfer function given by
Figure 11:
Step response for various displacements using delta-sigma modulation and pulsedensity modulation.
where θ d is the delay angle due to the decision being made ahead at φ mL ahead of TDC, where the active motoring stroke starts. Converting the transfer function to the time domain by (8) yields a time-invariant system dependent on the machine speed. Therefore, if linear control is to be applied, a linearization point for the shaft speed must be chosen. In the time domain the bandwidth of the system is proportional to the shaft speed and to ensure stability in the case of linear control, the speed should be greater than the linearization speed. For high speed operation the dynamics of the machine is possibly significantly faster than the dynamics of the high pressure line and mechanical system it is connected to and may therefore possibly be neglected during control design. This is coherent with the non-smooth ripples in the response not being seen in the mechanical response for high mass inertia systems. It should however be clear that the method is very inaccurate for a low number of cylinders and for full stroke operation also at low displacements, where this method should not be applied. It is also important to consider that it is a discrete sampled system, so a continuous approximation is only valid up to a certain frequency where the sampling effect becomes significant.
Discrete approximation
To capture the discrete control effect of a full stroke operated digital displacement machine, a discrete approximation of the machine dynamics may be applied in several situations Johansen et al. (2017); Pedersen et al. (2017a Pedersen et al. ( ,b, 2018d . The displacement throughput between samples is given by the change in chamber volume divided by the constant sampling angle given as
where θ s is the sampling angle and N is the number of cylinders. The discrete approximation of the displacement response is shown in Fig. 12 for a DDM with 15 cylinders.
Chamber response Discrete approximation Figure 12 : Discretization of displacement response for a motoring stroke.
The discrete response is seen to be fairly accurate for a high number of cylinders. The initial delay is again due to the decision being taking at φ mL ahead of TDC. The discrete transfer function becomes that given by
where u = {0, 1} depending on whether an active or inactive stroke is taken. Utilizing a pulse density modulator introduces a high non-linearity to the control system due to the quantizer given by
whereD * [k] is the displacement fraction reference.
Since the flow and torque are functions of the speed and pressure respectively given by (7), the output transfer function is non-linear. Additionally, for a variable speed machine the sampling scheme is asynchronous, why a transformation to the position domain by (17) is necessary to obtain a synchronous sampled system.
However, this transformation is seen to yield another non-linearity due to the speed being varying. Since non-linear discrete control is often quite complex, simpler linear approximations are often applied, which however limit the range of applicability. By linearizing around a steady-state speed, the operation speed should be greater than the linearization speed to ensure stability. The common method of describing a quantizer linearly is to simply consider the quantizer as an additive noise input,
. This corresponds to a duty-cycle ratio approximation, where n[k] is the noise input with intensity I ∈ [0; 0.5]. By omitting the noise term, the resulting response is shown in Fig. 13 for an input ofD * [k] = 1/3. The discretization is not shown for simplicity of illustration. It is seen that the linear approximation results in an angle average approximation, which is significantly more smooth than the non-linear physical response. Since the linear discrete approximation is poor at low displacement, it is not very accurate if the machine should both pump and motor. Furthermore, the pumping and motoring impulse responses are different, and if the method should both allow for pumping and motoring, synchronous sampling is required, which introduces additional delay to the system. The linear method hence includes the sampling effect and to some extent the ripples in the response, but the method range of validity is limited to machines with a high number of cylinders and high displacements, similar to the continuous approximation. Additionally, the direction of motion must not change since a monotonically increase in the sampling domain (angle or time) is required when applying discrete control methods.
Partial stroke strategy
It has been identified that partial stroke and sequential partial stroke methods are great for low speed operation, where tracking performance is quite poor for a full stroke strategy. However, for a partial stroke op-eration, the energy cost of switching and the resulting pressure spikes are greatly influenced by the angle where the active stroke is stopped. With respect to control, the optimal solution may include trajectory tracking, energy efficiency, pressure spikes and frequency content, which is hardly achieved with a static control law. Therefore, model predictive control (MPC) is considered to have a high potential for control of a partial stroke operated DDM. MPC does however require a discrete model representation of the system dynamics Sniegucki et al. (2013) ; Pedersen et al. (2018c) . For partial stroke operation, only a part of the full stroke is used, which introduces additional complications seen from a partial stroke discrete approximation shown in Fig. 14 In this partial stroke example, the displacement is seen to be committed over less samples, such that the transfer function order is reduced to
Partial stroke operation hence results in an input dependent time-variant system, where the input to the transfer function is unity. This model is only obtainable if the stroke ratio is determined at sample k, where the stroke is initiated. If the stroke ratio may be updated continuously until the pressure chamber is deactivated, the impulse response and hence the discrete model is unknown when the stroke is initiated by closing the LPV at φ mH . It is possible to apply model predictive control to such system, but it does not fulfill the requirements of classical MPC, where the input scales the magnitude of the response and not the model it self. To enable classical linear MPC control, an angle average approximation may me made, since a 50 % stroke, η = 0.5 with unity input, u = 1, has the same integrated displacement as a full stroke, η = 1, with input u = 0.5. This angle average approximation is also shown in Fig. 14 and is seen to smoothen the response and be decreasingly accurate for lower displacement fractions. However, the angle average approximation is quite conservative with respect to stability, since the slowest response with the largest phase angle is a full stroke (highest order model), but the gain is seen to be lowered simultaneously. It should be evident, that for a fixed sampling angle, the time between samples is inverse proportional to the machine speed and to solve the optimization problem in real time constrains the maximum speed.
Similarly to partial stroke operation, MPC has a high potential for sequential partial stroke operation, since energy efficiency and pressure ripples become increasingly important with an increased number of switchings. MPC for a sequential partial stroke operated DDM is very similar to conventional MPC control of continuous dynamical systems, since the input may be updated at every sample Pedersen et al. (2018e) . However, the input is limited to be a discrete set of displacements, which requires optimization algorithms capable of handling such problem. The methods enable both motoring and pumping strokes, since the optimal combination of all combinations of active and inactive pressure chambers is considered. The method does however not allow for operation in both directions, since the sampling domain must increase monotonically.
Hybrid dynamical system
Since the non-smooth dynamics of the digital displacement machine is of hybrid nature, hybrid system theory is able to describe both the continuous and discrete dynamics of the system Pedersen et al. (2017c Pedersen et al. ( , 2018b ; Sniegucki et al. (2013) . Neither continuous nor discrete approximations are able to describe the machine dynamics if the machine is to operate in both directions. Therefore, hybrid dynamical system theory is necessary to capture the dynamics, especially since stability is of high concern at low speeds where the control update rate is low in full and partial stroke operation. Furthermore, the approximation methods have shown poor accuracy for a low number of cylinders, low displacements and low speeds, where hybrid theory might be necessary to ensure stability and obtain the desired transient behavior. Several hybrid formulations exist, which are able to describe the dynamical behavior (e.g. hybrid automaton, impulsive system, switched system), where each has their own advantages and disadvantages. Although, hybrid dynamical sys-tem models are very intuitive, hybrid control theory is quite complex even for simple systems. Since a discrete event occurs every time a valve is opened or closed (or every time the pressure chamber is activated or deactivated) for every cylinder, the hybrid dynamical model of the digital displacement machine is not considered a simple system. Control theory for hybrid systems is an undergoing research topic, but stabilizing feedback control theory does exist, e.g. control Lyapunov function theory Teel et al. (2015) ; Goebel et al. (2009); Brogliato (2016) .
Control challenges related to application and design
The control challenges when operating a system comprising digital displacement machines is highly dependent on the application where it is used. Furthermore, due to the modular construction of the machine, the control challenges are also greatly dependent on how the machine is designed and how it is connected to the individual target application.
Fluid Power Transmission
One application with very high potential for use of DDM's is a transmission system for converting low speed high torque power into high speed low torque power or vice versa. An illustration of a digital fluid power transmission is shown in Fig. 15 . A ring cam design is used to increase the number of strokes per revolution of the slow rotating machine.
D1
D2 Figure 15 : Illustration of a fluid power transmission system comprising two digital displacement machines.
Having multiple digital displacement machines which dynamics are directly influencing each other, the control challenges are further complicated. The high speed machine is seen to have 5 cylinders and the low speed machine to have 10 cylinders and 8 cam ring lobes for a total of 80 strokes per revolution. This means that for two digital displacement machines, Figure 16 : Input decision scheme for a digital hydraulic transmission with a high and a low speed digital displacement machine.
It is seen that if the number of strokes per revolution of the two machines are vastly different, a large amount of information is required to describe the combined sampling scheme in one revolution. Several drive trains need to operate in four quadrants, where each machine can both pump and motor and rotate in both directions (vehicle transmission etc.). Based on the identified control complications, it is clear that the control challenges of such system become significantly more complex and increasingly complicated if it is to utilize partial stroke operation also.
Direct cylinder drive
Another application where digital displacement machines has a large potential is in direct cylinder drives for large inertia systems, since they may potentially increase the energy efficiency significantly. A conceptional illustration of a multiple direct hydraulic cylinder drive is shown in Fig. 17 . It is seen that one digital displacement machine is being powered by a motor and is used to control several hydraulic cylinders independently. In the illustrated concept, each module of the DDM is connected to either the rod or piston side of a cylinder for separate metering control. Development of a dynamic model allowing for analysis and control of such system is complicated, since the dynamics of the whole system is coupled through the mechanical shaft. Since the input for each main cylinder chamber may only be updated every fourth sample, the sampling scheme is again asynchronous. In theory, the connections between the chambers of the digital hydraulic machine and the main cylinder chamber could be reconfigured in many different combinations (e.g. connecting additional chambers to a main cylinder with a high load), which would change the dynamical behavior.
Alternative machine design concepts
An alternative concept is to utilize multiple independent inlets/outlets for each pressure chamber, requiring additional high pressure valves. The concept is similar to the digital hydraulic power management system (DHPMS) developed by Heikkila and Linjama (2013) . This concept directly increases the control update rate for each input to the main cylinder chambers and thereby possibly improves the control performance. The multiple inlet/outlet digital hydraulic cylinder drive concept is illustrated in Fig. 18 . Even though the control update rate is doubled, the effective update rate is not, since multiple high pressure valves should not be opened simultaneously. This would result in a short circuit where the pressure is not controllable due to the differential cylinder and will thus lead to unwanted dynamical problems. With this concept the control input consists of multiple decisions, being pump to rod or piston or idle during up-stroke and motor to either piston or rod side or idle during down-stroke. Taking multiple decision is considered to further increase the control complexity, where classical discrete and continuous methods are not applicable.
With respect to control tracking performance, a high number of small cylinder chambers is beneficial, but it is much more costly than using a few larger cylinders. An alternative design that may be beneficial is to utilize multiple sized cylinders. Using such design with a full stroke operation strategy, the displacement discretization resolution is significantly improved without a huge increase in production cost. An illustration of a DDM with variable sized displacement chambers and its corresponding sampling scheme and impulse responses for motoring strokes is shown in Fig. 19 . Figure 19 : Illustration of a DDM with variable sized displacement chambers.
It is seen that the control update scheme is only periodic synchronous in the angle domain, while the impulse response is time varying dependent on the size of the chamber. As a result, this alternative concept introduces further complications with respect to model based dynamical analysis and control. Combining the different concepts: e.g. a multiple digital hydraulic direct cylinder drive with multiple sized displacement chambers and multiple inlets/outlets makes the dynamical control challenges tremendous, especially if it is to operate in all four quadrants and using both partial and full stroke methods.
To summarize the outcome of the investigation, it is identified that the control challenges and complexity is highly dependent on the machine configuration, operation strategy and the application it is used in. For the more complex systems, hybrid dynamical theory is considered necessary, but the development of stabilizing feedback control laws is very challenging and remains an undergoing research topic.
Conclusion
This paper identifies many of the challenges related to model based feedback control of digital displacement machines. It is found that the challenges are highly dependent on the chosen operation strategy of the machine, as well as how the machine is configured and in which application it is used. Since the continuous dynamics of each pressure chamber is activated or deactivated discretely, the system dynamics belongs to the class of hybrid systems. Since control of hybrid dynamical systems is quite complex and remains an active research field, simpler continuous and discrete approximations have been investigated and deemed valid in certain situations. However, to be able to perform proper feedback stabilizing control and obtain the desired transient performance in a broad range of situations, more advanced control theory is required, e.g. hybrid control. The paper hence provides an overview of the many unsolved problems related to control of digital displacement machines, which is considered a key elements for successful deployment of the technology in a broad range of hydraulic applications.
